Objective:To understand the longitudinal relationship between loneliness and isolation. Method: Participants included 5,870 adults 65 years and older (M = 72.89 ± 5.59 years) from the first 5 years of the Cardiovascular Health Study. Loneliness was assessed using a dichotomized loneliness question. Social isolation was assessed using six items from the Lubben Social Network Scale. Yearly life events were included to assess abrupt social network changes. Mixed effects logistic regression was employed to analyze the relationship between isolation and loneliness. Results: Higher levels of social isolation were associated with higher odds of loneliness, as was an increase (from median) in level of social isolation. Life events such as a friend dying were also associated with increased odds of loneliness. Discussion: These results suggest that average level of isolation and increases in the level of isolation are closely tied to loneliness, which has implications for future assessment or monitoring of loneliness in older adult populations.
Introduction
Social relationships are important at all ages and are considered a key element in successful aging (Chaves, Camozzato, Eizirik, & Kaye, 2009) . Many older adults have diminished opportunities for social relationships and may become lonely. Loneliness has been defined as a subjective state resulting from a deficiency in social contacts (Peplau & Perlman, 1982) . A large body of literature has focused on understanding the relationship between loneliness and health among older adults (Antonucci, Ajrouch, & Birditt, 2014) . Loneliness has been associated with poor sleep quality (Hawkley, Preacher, & Cacioppo, 2010) , decreased mobility (Buchman et al., 2010) , and increased risk of placement in nursing home facilities (Tinetti & Williams, 1997) . Loneliness has frequently been shown to predict morbidity and mortality (Luo, Hawkley, Waite, & Cacioppo, 2012; Perissinotto, Stijacic Cenzer, & Covinsky, 2012; Tilvis, Laitala, Routasalo, & Pitkala, 2011) , and is associated with decreased cognitive function (Wilson et al., 2007) .
Another important aspect of the social lives of older adults is their level of social isolation. While loneliness is a subjective state, social isolation is a quantitative construct arising from a deficit in social contact. Like loneliness, social isolation has significant consequences for health: Individuals who are socially isolated exhibit increased morbidity and mortality (Holt-Lunstad, Smith, & Layton, 2010) , poor sleep quality (Friedman et al., 2005) , and increased risk of cognitive decline (Barnes, Mendes de Leon, Wilson, Bienias, & Evans, 2004) . Social isolation is typically defined as one end of a continuum encompassing the objective size of the network and the frequency of contact (E. Y. Cornwell & Waite, 2009; Wenger, Davies, Shahtahmasebi, & Scott, 1996) . However, by reducing the continuum to a binary state (isolated or not), it is possible to lose relevant information regarding the level of isolation. Thus, in this article, we will not dichotomize the continuum but instead use overall level of isolation, a measure of both the size of the social network and the frequency of contact.
Although it might seem self-evident that social isolation co-occurs with loneliness, they are in fact distinct constructs (Peplau & Perlman, 1982) . Several studies have examined the relationship between social isolation and loneliness (Pinquart & Sorensen, 2001; Routasalo, Savikko, Tilvis, Strandberg, & Pitkala, 2006) , many of which focus on the relationship between loneliness and the size of the social network (one aspect of social isolation). For example, Berkman, Glass, Brissette, and Seeman (2000) suggested that the social network lays the foundation for support, arguing that although one may perceive a lack of support despite a large social network, without any social network, one cannot have support. Peplau and Perlman (1982) also argue that the size of the social network is one of the key determinants of loneliness. Other studies have found that individuals with no friends or children were most likely to report loneliness (Mullins, Elston, & Gutkowski, 1996) and that having small social network was significantly associated with loneliness (Hawkley et al., 2008) , especially among those suffering from "social" loneliness (Dykstra & Fokkema, 2007) .
Despite findings suggesting a relationship between loneliness and social isolation, only a handful of objective, longitudinal studies on this relationship exist. In 2002, Holmen and Furukawa (2002) found that loneliness was closely tied to not having a good friend to talk to in a longitudinal study of residents of Stockholm. Social network was also found to be associated with loneliness among Israeli populations (Cohen-Mansfield, Shmotkin, & Goldberg, 2009 ). More recently, loneliness was found to be associated with social network score among British populations (Victor & Bowling, 2012) , although this study only had two time points spaced 8 years apart. Because the manifestation of loneliness may be influenced by culture (Johnson & Mullins, 1987; Victor, Scambler, & Bond, 2008) , the results from non-U.S. cohorts cannot be generalized to the U.S. older adult population. In the United States, a single study by Cacioppo, Hawkley, and Thisted (2010) found social isolation was associated with both loneliness and depression. However, the main outcome of this study was to understand the relationship between loneliness and depression, not to understand the complex relationship between loneliness and social isolation.
Remarkably, none of the longitudinal studies investigated the relationship between change in isolation (measured either via life events that directly or indirectly impact the social network or a deviation in social network score) and loneliness-a particularly important relationship to understand given that changes in social network (which would manifest as changes in the level of isolation) are related to health outcomes independent of baseline network size (B. Cornwell & Laumann, 2015) . Still, a qualitative study on the causes of loneliness in older adults found that the greatest causes of loneliness were "life events" that cause changes in either one's ability to interact with the available social network or in the social network itself (Savikko, Routasalo, Tilvis, Strandberg, & Pitkala, 2005) .
In this article, we examine the relationship between isolation and selfreported loneliness among a large group of U.S. older adults surveyed yearly for 5 years. We examine several variables designed to assess both overall level of isolation and changes in the level of isolation over time. These include life events that may cause a change in the level of isolation (e.g., the death of a spouse), the median social isolation score for a given individual (calculated across all available years of data), and yearly deviations from the median isolation score for a given individual. By separating social isolation into the median across years and the individual deviation from the median for a given year, we can elucidate the impact that general isolation levels have on loneliness (across individuals) and the effect of deviations in the level of isolation (within the same individual). We hypothesize that individuals who have recently experienced a life event that would cause a change in the level of isolation will be more likely to report feelings of loneliness. We also hypothesize that both higher median levels of isolation (across individuals) and increases in the level of isolation from the median (within the same individual) will be associated with a higher probability of reporting loneliness.
Design and Method

Study Design
Data for this study came from the first 5 years of the Cardiovascular Health Study (CHS), an ongoing observational study on the risk factors for cardiovascular disease in U.S. adults aged 65 and older. A total of 5,888 participants were enrolled from Medicare eligibility lists in four different communities. In 1989 In -1990 participants were enrolled and an additional 687 African American participants were enrolled in 1992-1993. Exclusion criteria at baseline included institutionalization, receiving hospice care or radiation chemotherapy for cancer, and not expecting to stay in the area for the next 3 years. Participants were also excluded if they were not ambulatory at home or if they were not able to be interviewed. All participants received up to 10 annual in-person interviews and 6-month telephone calls until 1999 when they started receiving telephone calls twice per year. Demographics collected at baseline include age, sex, race, and education. The institutional review board (IRB) of each of the sites and the coordinating center approved the study. In addition, the IRB at Oregon Health & Science University approved the reanalysis of the data set described here (IRB 10006). Details of the study design and sampling methods have been described elsewhere (Fried et al., 1991; Tell et al., 1993) .
Participants
During the first 5 years of the study, participants were asked questions regarding social network and life events, which were subsequently discontinued.
The current study uses these social data to examine the relationship between change in isolation and loneliness. A complete descriptive summary of the demographic characteristics of the cohort at baseline and during the 4 years of follow-up is provided in Table 1 . Only those participants who answered the loneliness question (described in the section "Measures") are included in tables or analyses.
Measures
Loneliness. Subjective loneliness was assessed using a question from the Center for Epidemiological Studies Depression (CES-D) scale (Radloff, 1977) . The question asks, "In the last week, I felt lonely" with answer options (i) rarely/none of the time, (ii) some or a little of the time, (iii) a moderate amount of time, and (iv) most of the time. We dichotomized loneliness to "not lonely" (i) versus "lonely" (ii, iii, and iv).
Social isolation. Social isolation was measured using 6 items from Lubben's Social Network Scale (Lubben, 1988) , which was developed as a modification to the Berkman-Syme social network index to specifically target older adults (Berkman & Syme, 1979) . This questionnaire asks 10 questions: three questions regarding family relationships, three targeting friend relationships, three looking at independent social support, and one identifying living situation (with others or alone). Each question is answered categorically and converted to a score ranging from 0 to 5. The scores on the six questions regarding friend and family relationships were summed to give a summary "network score" between 0 and 30. Because this analysis is specifically looking at the relationship between the level of isolation and loneliness, the three questions targeting social support were not included in the summary isolation score. This ensures that any observed relationship between loneliness and social isolation is due to changes in the level of social isolation, not changes in perceived support. In addition, living situation was included in the analysis separately as a binary variable.
To understand how both overall social isolation and change in social isolation affect loneliness, we included two variables. For the first, we calculated each individual's median isolation score over the time period as a measure of average level of social isolation. For each individual, we then calculated each year's offset from the median as a representation of deviation in the level of isolation from the individual's median ( Figure 1 ). We used difference in level of isolation from the median level instead of from the previous year because this captures longer term trends in isolation levels (not simply the previous year, but the average over the time period). (6) 20 (6) 20 (6) 21 (5) 21 (5 The social network score is presented as the median and IQR due to the skewness in the responses. Additional covariates. We included variables in the models that might confound the relationship between loneliness and social isolation. Because cognitive function has been shown to impact one's ability to form and maintain relationships (Barnes et al., 2004) , it was important to control for cognitive 
Data Analysis
Descriptive analysis. We first computed descriptive statistics for all variables included in the model. Because the scores on the social network questionnaires are highly skewed to the left (large social network), we computed the median and interquartile range (IQR), a robust measure of variability, for the Social Network Scale. These are computed yearly on the available data for all participants who completed the corresponding year's CES-D loneliness item. We also computed the percent of positive responses for all life events variables for all years.
Transition probability analysis. To understand the stability of loneliness, we created a transition probability graph describing the probability of transitioning between lonely and non-lonely states. Transition probabilities were computed between adjoining years (e.g., from Year 2 to Year 3) by calculating the total number of participants who transitioned between states (e.g., lonely to not lonely) and dividing that number by the total number of participants who were in the starting state (e.g., lonely) in the first of the two adjoining years and answered the CES-D loneliness question both years. For each possible state change (e.g., lonely to non-lonely), a total of four transition probabilities were computed: one for each year pair. The overall transition probability across years was computed as the average transition probability across the 4 years of follow-up data.
Logistic regression mixed effects models. Longitudinal mixed effects logistic regression models were employed in Stata (StataCorp, Texas, Version 13) to examine the relationship between loneliness and the level of isolation over time. The mixed effects regression framework allows for repeated measures of the same individual by including individual-specific offset terms. Thus, all available data from all years (those shown in Table 1 ) are included in the model together, allowing the model to fit both group and individual effects over time. The variables used in the first model were missing an average of 2% of cases each year (max = 7.6%, min = 0%). To avoid biases associated with list-wise deletion and to maximize efficiency, chained multiple imputation (Stata command: mi impute chained) was employed on all variables used in the first model with missing data due to non-response (imputation was not employed on participants who died or were lost to follow-up). The outcome variable was not imputed. Ten imputed data sets were generated to ensure reliability and consistency of the imputed results. The average number of observations included in the model per individual was four, and the minimum number of observations was one. To ensure coefficient estimates were not biased by multicollinearity, the variance inflation factor (VIF), a standard diagnostic tool for assessing the level of collinearity of the independent variables, was computed for all independent variables. The VIF for all variables was below 2.5, indicating any bias from multicollinearity can reasonably be ignored (Allison, 2012) . Because of the number of prior analyses that have been performed using this data set, p value of .01 was considered significant.
Results
Descriptive Statistics
As shown in Table 1 , the mean participant age was 72.8 ± 5.6 years at baseline; 57% of the cohort was female, and 70% was married. By the end of the analysis period, the mean age was 75.9 ± 5.3 years, the proportion of females was 59%, and the proportion of married individuals was 67%. An average of 23% of the participants (averaged across years) reported feeling lonely at least some of the time. Only an average of 3.8% of the participants reported feeling lonely most of the time in the previous week. The median social network score was 20 (of 30 possible points) with an IQR of 6 at baseline, and increased to 21 (IQR = 5) by the last year of the analysis. An average of 27.54% of the cohort reported that somebody close died within the last 6 months (averaged across years), and an average of 27.52% of the cohort reported that somebody close had an illness. Having a significant relationship become worse was relatively uncommon, with only an average of 4.7% of the cohort reporting this each year. Only 11% of the cohort reported the birth of a grandchild each year. Finally, an average of 9.2% of the cohort reported they had been caring for a sick or disabled person during the last 6 months. Figure 2 shows the average annual probability ( p ) of transitioning between states of loneliness from one year to the next. Only an average of 13% of individuals who were not lonely one year transitioned to feeling lonely at least sometimes in the next year, while 87% of those who were not lonely one year remained non-lonely the next year. In contrast, an average of 40% of individuals reporting loneliness one year transitioned to non-lonely by the next year, while 60% of the individuals reporting loneliness one year remained lonely in the next year. Although there was a greater probability of resolving than developing loneliness, overall there was a slight increase in loneliness over time (from 22% to 25% of the cohort) because of the larger number of individuals in the non-lonely group.
Transition Probability
Loneliness and Social Isolation
The results of the longitudinal logistic regression between loneliness and social isolation are shown in Table 2 . The variable most strongly associated with loneliness was living alone, which was associated with 79% higher odds of reporting loneliness. Loneliness was also significantly related to the median level of social isolation across years (between-person effect) and the yearly deviation in the level of social isolation relative to the individual's median (within-person effect). These variables are shown in Table 2 as "median social network score" and "deviation in social network score," respectively. Across individuals, those with one additional point in their median social network score (which corresponds to a lower level of social isolation) had 11% lower odds of reporting loneliness. Thus, compared with Note. The variable, n 0 , represents the number of people in each category at baseline, while n represents the average number of people transitioning between each category across years. those who are fully connected (score of 30 on the social network score), those who are completely isolated (score of 0 on the social network score) have 97% higher odds of reporting at least some loneliness. Within the same individual, years where the social network score was higher than that individual's median social network score across years (indicating lower than normal levels of social isolation) had 3% lower odds of reporting loneliness per unit increase in social network score relative to the median-a small yet significant change in the odds of reporting loneliness. Thus, for the individual shown in Figure 1 , the odds of reporting loneliness in Year 1 are 6% lower than that in Year 2 (social network score is 2 points higher than the median in Year 1), and 3% higher in Year 3 as compared with Year 2. The most any participant deviated from their median was 17 points in either direction, indicating the maximum effect of this variable was a 40% change in the odds of reporting loneliness.
Among the life events variables, the variable most strongly associated with loneliness was reporting that a significant relationship became considerably worse, which was associated with a 125% higher odds of reporting loneliness (Table 2) . Caring for a sick or disabled person was also associated with 54% higher odds of reporting loneliness, although reporting that somebody close had an illness was not a significant predictor of loneliness levels. Reporting that someone close died was associated with 22% higher odds of reporting loneliness. Surprisingly, those who reported a grandchild had been born in the last year also had 17% higher odds of reporting loneliness, although this result was not significant (p > .01).
Consistent with other studies on factors associated with loneliness, widowhood was associated with 61% higher odds of reporting loneliness relative to being married (shown in Table 2 ). Marital status was assessed at baseline and considered constant across the monitoring period; thus, the effect of widowhood represents the differential odds of reporting loneliness for widows compared with married participants and does not represent the change in the odds of reporting loneliness at the onset of widowhood. Men had 46% lower odds of reporting loneliness relative to females, and each unit increase in 3MSE score (associated with higher cognitive function) was associated with 2% lower odds of reporting loneliness. Having significant chronic diseases was also associated with 45% higher odds of reporting loneliness, and each increase in years of education was associated with 3% lower odds of reporting loneliness. In this full model, age was not significantly related to loneliness. This result was not consistent with prior studies on loneliness, leading to a post hoc analysis investigating the univariate association between age and loneliness. In this analysis, age was significantly associated with loneliness (results not shown).
Discussion
In this article, we have shown that loneliness is closely tied to both the median level of isolation, and deviations from an individual's normal level of isolation. We found that life events that would affect the level of isolation are closely related to the probability of reporting loneliness. In our first analysis, we presented a transition probability graph of loneliness, showing that loneliness is a relatively stable state: 60% of participants who report loneliness one year will also report it the following year. We also found the percentage of participants reporting loneliness was gradually increasing each year, ending at nearly 25% reporting at least some loneliness in the final year of the analysis.
Both the median social isolation and deviations from an individual's median level of isolation were significantly related to loneliness. We found that relative to those experiencing the highest level of isolation, those with the largest possible social network score had 97% lower odds of reporting loneliness. In addition, a decrease in social network score relative to an individual's median score (which may arise due to changes in the number of connections or the frequency of seeing the available connections) significantly increased the odds of reporting loneliness. Thus, individuals who began at a low level of isolation and then became highly isolated over the time period are more likely to report loneliness than those who began at a high level of isolation and remained there for the entire monitoring period (holding all other variables constant). Still, the effect of being very isolated was larger than the effect of becoming isolated over the monitoring period. This may be because participants exhibiting low social network scores have limited ability to become more isolated but may be more impacted by changes in social isolation. Future studies should investigate the relationship between changes in social isolation and loneliness among those who are already experiencing social isolation. It may also be that the effect of the deviation variable is smaller because some changes in the social network such as the loss of a close friend who is then replaced by a new friend would not show up in this measure of social isolation. This is highlighted in the significance of the life events variables, which dramatically affected the odds of reporting loneliness. These results are consistent with previous longitudinal studies on the relationship between loneliness and social isolation Tijhuis, De Jong-Gierveld, Feskens, & Kromhout, 1999) , and suggest that future studies investigating the relationship between health and loneliness or social isolation should account for the correlation between these two variables.
It should be noted that although the model considers deviations in social isolation as a predictor of loneliness, the causality of the relationship cannot be inferred from this observational study. Hawkley et al. demonstrate that lonely individuals have more negative social interactions than their nonlonely counterparts (Hawkley, Preacher, & Cacioppo, 2007) , and that these negative social interactions lead to additional future negative interactions. Thus, as loneliness progresses, individuals engage with others more negatively and may also perceive more negative emotions from others causing them to retract further from social relationships, thereby furthering their isolation and loneliness (Cacioppo & Hawkley, 2009 ).
In addition to finding the level of isolation was associated with loneliness, we also discovered that participants who experienced a life event that impacted their level of isolation were considerably more likely to report loneliness. This included events that would directly affect the social network such as having a significant relationship become worse or losing a close friend or family member as well as those that may indirectly affect the level of social isolation such as caring for a sick or disabled person (although this is more like a state change than a life event). Of course, it is natural and even healthy to mourn the loss of a close friend or family member. However, given the close relationship between loneliness and health, it is important to help individuals suffering from loss to engage in their community and build new relationships. Methods to identify and help such individuals may become increasingly important as the number of older adults continues to rise. Some interventions have been designed which specifically target individuals suffering from bereavement (Stewart, Craig, MacPherson, & Alexander, 2001) ; still, a better understanding of loneliness and its causes may help in the design and implementation of such interventions.
Caring for a sick or disabled person may hamper the frequency with which one can interact with the available social networks. Many studies have investigated the relationship between caregiving and health, and have found that caregiving, especially for a friend or family member, reduces well-being (Verbakel, 2014) and increases stress (Gallagher- Thompson et al., 2006) and depression (Butler, Turner, Kaye, Ruffin, & Downey, 2005) . The results presented here also suggest that caregiving increases the likelihood of feeling lonely, which is consistent with qualitative studies on loneliness and caregiving (Tunstall, 1966) . This highlights the need to provide resources and support for those who are caring for a family member or loved one.
Consistent with previous work, gender, cognitive status, marital status, education, and health status were all associated with the probability of reporting loneliness. In the full model, age was not a significant predictor of loneliness. However, in a univariate model of age and loneliness, increased age was associated with higher odds of reporting loneliness. This suggests that the relationship between loneliness and age that has been found in previous studies may be due to changes in health status, social network, or life events that are more likely to accrue with increased age.
This study has some limitations. First, the data included in the analysis are from 1989 to 1992: more than 20 years old. An entirely new generation has moved into old age, with possibly different values, beliefs, and means of socializing (e.g., online communities). It is possible that the results reported here will not generalize to the new generation of older adults. As noted, the study also included only 5 years of data, and therefore may not have been sensitive to the full relationship between loneliness and changes in isolation. Future studies should investigate these relationships over longer time periods. In addition, the Social Network Scale used as part of the CHS only has six questions on social isolation and does not include measures such as community involvement or church attendance which are frequently included in measures of social isolation. Future studies should investigate how changes in these aspects of isolation affect loneliness.
Finally, loneliness was assessed using a direct question regarding the perception of loneliness in the last week. Although this loneliness assessment technique has excellent face validity and has been employed in numerous studies, it also has several drawbacks. First, individuals experiencing loneliness are frequently perceived as weaker, less attractive, and more passive than their non-lonely counterparts. Due to these social stigmas associated with loneliness, it is possible that many participants will avoid reporting loneliness even when they are quite lonely, leading to an underestimate of loneliness in the population and erroneous estimation of the association between loneliness and health outcomes. In addition, assessing loneliness via a single question assumes that loneliness is a unidimensional construct so the only difference between individuals is the frequency or intensity of perceived loneliness (Victor, Grenade, & Boldy, 2005) . Weiss argued that loneliness is in fact multidimensional, encompassing both an emotional loneliness (the loneliness for significant attachment figure such as a spouse) and a social loneliness (the loneliness for close friends; Weiss, 1973) . Assessing loneliness via a single question cannot capture these differences in the type of loneliness experienced, or the differences in the relationship between loneliness and isolation in these two types of loneliness. Previous work by Dykstra and Fokkema noted that individuals who were experiencing social loneliness were affected by the size of their social network, while those experiencing emotional loneliness felt lonely independent of the social network (Dykstra & Fokkema, 2007) . Future studies are required to fully understand the relationship between changes in social isolation and the experience of emotional and social loneliness.
In this article, we have shown that loneliness is associated with both the level of isolation and deviations in an individual's level of isolation. These results have important consequences for future studies on loneliness, especially on the identification of lonely individuals. Because loneliness may change in response to many life events and is closely related to social isolation, it may be more timely and informative to identify lonely individuals by tracking changes in the social network or other daily behaviors using unobtrusive monitoring techniques (Kaye et al., 2010; Petersen, Austin, Kaye, Pavel, & Hayes, 2014) . For example, tracking call history would enable assessment of social network size and frequency of contact-the two major components of social isolation scales (Petersen, Thielke, Austin, & Kaye, 2015) . Other behaviors that may relate to loneliness that can be tracked unobtrusively include time spent outside the home (Petersen et al., 2014; Petersen, Austin, Mattek, & Kaye, 2015) , computer use (Amichai-Hamburger & Ben-Artzi, 2003) , and sleep quality . Such approaches to loneliness identification would have dramatic consequences for the understanding of loneliness, enabling researchers to monitor and assess loneliness levels on smaller timescales such as daily or even hourly.
